INTRODUCTION (HEADING 1)
The technology of power electronics has become a large, complex and multi-disciplinary field of electrical power engineering. The main reason of this is due to the fast development in power semiconductor devices, electric machines, electric power, and control techniques, and various real-time simulation tools [1] [2] .
Power semiconductor devices constitute the main stream of modern power electronic equipment. They are used in power electronic converters in the form of a matrix of on-off switches, and help convert power from AC-to-DC, DC-to-AC, etc.
Converters are widely used in applications such as heating and lighting controls, AC and DC power supplies, DC and AC motor drives, and static VAR generation. The impact of power electronics in modern society will be as important and versatile as that of information technology today. This trend of widespread impact of power electronics is inevitable and at the same time creates new challenges to traditional power system and power electronic engineers [3] [4] . Power electronic engineers are increasingly interested in incremental prototyping of control systems of power electronics equipment, in which HIL testing plays a significant role [5] [6] [7] [8] [9] .
A typical topology of controller HIL tests for power electronics controllers is illustrated in Fig. 1 . As an advanced design/test method, the HIL test allows the prototype of a novel apparatus to be investigated under a wide range of realistic conditions repeatedly, safely and economically. Most of the existing applications involve controllers to be investigated as the hardware under test. In these tests, all the signals exchanged between the real-time digital simulator (RTDS) and the hardware are at low power levels typically within a range of +/-5~10V and can be easily implemented by analog/digital converter or digital/analog converter with the acceptable degree of high accuracy.
Digital signal processors (DSPs) are a key technology enabling electrical drive systems to be smoother, more efficient, more reliable and more cost effective. The processing power of DSP controller is allowing the accurate control of power converters [10] [11] . Therefore, they provide an appealing solution. In this paper, the digital controller (external) is realized by using the TI TMS320C28x DSP. This processor is highly integrated, high-performance solution for demanding control applications.
The objective of this paper is to implement the real-time HIL testing of a digital controller for a DC-DC buck converter and DC-AC converter. The hardware validation of embedded control was implemented for the two converters. The control algorithms are coded and then downloaded to the dedicated DSP/microcontrollers. The digital controll reference voltage/current and the correspond each channel, and also output PWM switchi depicts the schematic diagram of this signal electronics applications. In this schematic d voltage converter and DC-AC converter are respectively, and the associated digital implemented on the DSP using the native C c
The rest of the paper is arranged as fol mentions the background of integration tre electronics technology with RTDS environm discusses the application examples. Results discussions are presented in Section IV. I conclusion is drawn in Section V.
II. INTEGRATING POWER ELECTRONIC
During the past three decades, digital electronics has been intensively used. performance and cost reduction of digital c their application for power converters contr algorithms can now be implemented on off lines of experimenter's kit which makes process time shorter and most importantly, is suitable for engineering development, laboratory evaluation purposes with particula experimental work within the university envi
The RTDS simulator has also been used independent system operator (ISO), manuf institutes, and universities for well over two wide variety of power system controls i FACTS, generator controls, distributed gene grid. Since the simulation runs in real controller can be connected in closed-loop w model. The closed-loop HIL of the controlle model provides insight on both the performa scheme as well as its effect on the power sys simulation is an effective method to test new or prototype power electronic systems th switching firing signals that are normally pro controller [12] [13] As illustrated, it is even eas C++ compilers are available, w in assembly, speeding the dev field implementation of the con a very useful intermediary s constraints into account.
III. HIL TEST SETUP FOR D AC INV

A. Buck Converter
The buck converter is a hig DC switching converter (i.e. efficiently from one voltage voltage ). The easiest way supply is to use a linear regul resistive voltage drop to regula the form of heat. Buck conv switch, a diode and an inducto to output of the converter. B stored and can be recovered switching cycle. This results Some types of converter achie using the latest technologies.
The operation of the buck c alternates between connecting to store energy in the inducto into the load. A basic buck co There are only three main c inductor. A control circuit (im the output voltage, and maint switching on and off at a fixe cycle. Assuming that the switc from the input source through load. Therefore, the magnetic storing energy in the inductor w inductor opposing or bucking p switch is off, the inductor op it of buck converter sier nowadays: powerful C and which remove the need to code velopment process. Before the ntrol, RTDS-HIL tests could be step in order to take its real DC BUCK CONVERTER AND DC-VERTER gh effeiciency step-down DC to change DC electrical power e level to a lower regulated to reduce the voltage of a DC lator. A linear regulator uses a ate the voltage, losing power in verter, on the other hand, uses a or to transfer energy from input Because of this, the energy is in the discharge phase of the s in a much higher efficiency. eve an efficiency of over 95%, converter is straightforward. It the inductor to source voltage or and discharging the inductor onfiguration is depicted in Fig. 3 .
components -switch, diode and mplemented on DSP) monitors tains it at the desired level by ed rate, but with a varying duty ch is on, current begins flowing the inductor, and then into the field in the inductor builds up, with the voltage drop across the part of the input voltage. If the pposes any drop in current by suddenly reversing its EMF, and now supplies current to the load via a diode. The DC output voltage which appears across the load is a fraction of the input voltage, and this fraction turns out to be equal to the duty cycle.
where D is a scalar called the duty cycle, and is equal to Ton / T is the inverse of the operating frequency. By varying the switching duty cycle, the buck converter's output voltage can be varied as a fraction of the input voltage [14] [15] .
This will be demonstrated by constructing the model in RSCAD (e.g. power electronics, duty ratio order, modulation wave generator, DC-DC converter control, etc) which is shown in Fig. 4 . The blocks from the RTDS library are used to represent algorithms (i.e. PWM gate pulse according to the given duty ratio command) and peripheral specific to the TMS320C28x DSP family.
B. DC-AC Inverter
The DC-AC inverters are electronic devices commonly used to produce AC power from low voltage DC energy from batteries, fuel cells, or solar panels. They convert the incoming DC into AC, and then they step up the resulting AC to mains voltage level using an appropriate transformers. They have no moving parts and are used in a wide range of applications, from small switching power supplies in computers, to large electric utility HVDC applications that transport bulk power from off-shore to the main grid. With HVDC transmission, an inverter in a static inverter plant converts the power back to AC at the receiving end.
The ultimate goal is to have the inverter perform these functions as efficiently as possible so that the much energy drawn from the battery or HVDC is converted into AC power. The power wave is not exactly pure sine wave output as from the power grid. It has a waveform that appears as a choppy squared-off wave or rectangular pulses. In this type of inverter it is not feasible to control the peak-to-peak output, because this is largely fixed by the battery voltage and the transformer's step-up ratio. So, the regulation is achieved in a different way by varying the width of the rectangular pulses, to control and hence the RMS value of the output voltage. This is called pulse width modulation (PWM). If larger magnitude of AC output is required, the inverter's control circuitry (implemented on DSP) acts to increase the amplitude of modulation index, thus producing the desired output.
The basic circuit configuration used in DC-AC inverter is shown in Fig. 5 . As explained earlier, most DC-AC inverters deliver a modified sine-wave output voltage. Because of the bridge configuration (2-level bridge), the alternating pulses output waveform is also relatively rich in harmonics [16] [17] .
The operation of a simple 2-level bridge based DC-AC inverter is demonstrated by constructing the model that includes the high voltage components (e.g. power electronics, 2 level bridge model, 2 order butter worth filter, modulation wave generator, small time step oscilloscope, etc). The model is built by using blocks from the RTDS library which are used to represent algorithms (i.e PWM gate pulse) and peripheral specific to the TMS320C28x DSP family. The built model is shown in Fig. 6 . 
1) Control Algorithm for Buck Converter:
The buck converter is controlled in real-time using a dedicated TI digital signal controller. The control algorithm, shown in Fig. 7 , is coded and downloaded to the DSP.
The buck converter includes PWM controlled switch and diode, and produces a regulated DC voltage. A resistor bank serves as a load. The output voltage varies with the loading conditions. The output voltage is measured using AD channel, and is used as input to a PI control law to compute the duty ratio of the output PWM signal. The measured output voltage signal & duty ratio value is sent to the controller through the output channel of GTAO card. A fixed reference signal is also obtained from the RTDS. C code blocks which drives PWM peripherals on the DSP, provide the interface to the GTDI card. Runtime module enables the user to monitor input and output signals while the system is running. The control signals from the discrete proportional-integral controller is sent to the PWM module on the processor and its resulting PWM gating signal is sent through the input channel of GTDI.
2) Control Algorithm for DC-AC Inverter:
The DC-AC inverter is also controlled in the same manner using a dedicated TI digital signal controller. The control algorithm is coded and downloaded to the DSP. Its control algorithm can be altered and parameters can be set very conveniently via a user interface software (Code Composer Studio) on an external PC. The usual method of firing a two level bridge is with PWM, where the switching devices turn on and turn off at high frequency. This method produces a fundamental ac waveform as well as harmonics at the switching frequency and above. Both the magnitude and phase of the ac waveform at the internal nodes are controlled by the switching pattern [16] [17] [18] .
The purpose is to explore the capability and limitation of 2-level bridge model and is chosen only to serve as a reasonable example. The firing pulse input to the RTDS is fed through the GTDI card. The GTDI card has 64 channels and provides optical isolation between the controls and the RTDS. One GTDI card was used for providing direct communication to the processors simulating the respective converters [17] .
IV. HIL TEST RESULTS FOR DC-DC BUCK CONVERTER AND DC-AC INVERTER
I. HIL Test Results for DC-DC Buck Converter
In order to accurately test the performance of the control algorithm implemented on the DSP, a real-time HIL test was conducted with RTDS. As illustrated in Section III, the buck converter with gating pulse generator, which outputs the gating pulse through the GTDI card. The results of real-time simulation are shown in Fig. 8 . This is a direct result from the C code block calculates the reference voltage based on the corresponding duty ratio (i.e initially set to 50% duty ratio), and sends out the PWM switching signals. In this case, the controller adjusted the output of DC voltage to desired value, 0.5006 pu based on the duty ratio order, 0.5 from RTDS, which is defined as 5 divided by GTAO scale value times the duty ratio order. This value (1.65) goes into A/D converter where A/D converter input range is from 0 to 3.3V (i.e duty ratio 0 is 0V & duty ratio 1 is 3.3V, respectively), and converted to the value of 2047. Again, the PWM value (10235) is calculated by multiplying 5 to the converted value. Then, the buck converter's duty (0.5) is defined as the ratio of PWM value (10235) to PWM period value (20480). The duty ratio order can also be easily monitored using the front panel analog outputs on GPC card #1A channels 1 through 8. This experiment was chosen to proof the concept of HIL capability of RTDS.
II. HIL Test Results for DC-AC Inverter
This case deals with the difficulties of testing gating pulse for a DC-AC inverter. The main goal is to provide low latency, closed-loop interaction between the gating pulse controls and the simulator for PWM gating signals in the range of 1 kHz [18] .
The closed-loop HIL setup is used to verify and improve the performance of the power electronic controller. Therefore, the RTDS must provide an accurate representation of the actual DC-AC inverter. The HIL testing was performed for a simulation time step of 50µs for the main network, but for the power electronic switches with a time step shorter than 3μs. If the sampling frequency should be at least two orders of magnitude larger than, the permissible switching frequency of the modeled power electronic switches increases from 200 Hz in the 50μs environment to 5,000 Hz in the 2μs environment. The following are the graphs obtained during the HIL test. The results in Fig. 9 are showing the steady state operation. It can be seen that the sample time is exactly same as small time step. The small time step approach makes it possible to test power electronics controller for 2-level DC-AC bridge with PWM frequencies in excess of 3 kHz. Due to the predefined topology of 2-level bridge models, the bridge output terminal voltages tend to have a certain amount of harmonics in them. Some of these high order harmonics were filtered by the circuit inductance using, but not completely as shown in Fig. 11 . It should be noted that the goal is to explore the possibility of utilizing the RTDS in a simple DC-AC conversion experiment and is chosen only to serve as a reasonable example rather than satisfying technical solutions. Using a 3-level bridge model would give much better results as compared to the 2-level model.
It should be also noted that PWM index is limited to values less than 1 (0.8) because the non-linear effect of over modulation is out of study scope.
V. CONCLUSION In this paper, two HIL power electronics controller tests are presented. To efficiently evaluate the effectiveness of power electronics controllers, the HIL test is beneficial. The control algorithm implemented on a dedicated DSP is tested in realtime with the system models built in the RTDS. The behaviors of the buck converter and DC-AC inverter are studied. Results of HIL tests and hardware validations suggest that the control algorithms correctly regulate the power converters in simulation. This proves to be an effective tool for real-time HIL testing of power electronics controllers. This application of real-time simulation environment would also serve as an intermediary step during the development of the end product, potentially reducing the development cost and experimental risk, which are associated with the destroyed power stage. Also, the RTDS provides an interactive learning environment. Users are able to follow their engineering intuition and in turn increase their understanding of the system or alternatively identifying and solving some engineering problems, particularly in the area of power electronics.
